Abstract Water can be a scarce resource, particularly in certain places at certain times. Understanding both water use and conservation efforts can help ensure that limited supplies can meet the demands of a growing population and economy. This paper examines water use and recirculation in the U.S. manufacturing sector, using newly recovered microdata from the Survey of Water Use in Manufacturing, merged with establishment-level data from the Annual Survey of Manufactures and the Census of Manufactures. Results suggest that water use per unit of output is largest for larger establishments, in part because larger establishments use water for more purposes. Larger establishments are also found to recirculate water more -satisfying demand (water use) without necessarily increasing water intake. Various costs also appear to play a role in water recirculation. In particular, the water circulation rate is found to be higher when water is purchased from a utility. Relatively low (internal) prices for self-supplied water could suppress the incentive to invest in recirculation. Meanwhile, establishments with higher per-gallon intake treatment costs also recirculate more, as might be expected. The cost associated with water discharge -due to regulation or otherwise -also increases circulation rates. The aridity of a locale is found to have little effect on circulation rates.
Previous Literature
Industrial water use has received relatively little attention in the economics literature, relative to agricultural, residential, and recreational uses (Renzetti 2015) . Among the notable exceptions is a series of papers by Steven Renzetti and coauthors that use Canada's Industrial Water Use Survey (IWUS). In the first of these, Renzetti (1992) estimates (negative) own-price elasticity for water intake for several manufacturing sectors. He also finds water recirculation to be substitutes for both water intake and water discharge. Renzetti (1993) examines manufacturers' choice to use publiclysupplied water (versus self-supplied water) and finds that larger firms are more likely to self-supply water, as are those that face lower water purification costs and higher annual public utility connection fees. He also finds that, in general, publicly-supplied firms' water intake is more sensitive to external prices but less sensitive to the level of production. Dupont and Renzetti (1998) look at water use, treatment, recirculation, and discharge in Canadian food processing industries in particular. In a later paper, Dupont and Renzetti (2001) estimate translog cost functions to examine the relationship between water and non-water inputs. They find that water intake is a substitute for water recirculation, labor, energy, and capital, while water recirculation is a substitute for labor and complement to energy and capital. examine water use in Canada's business sectors (including non-manufacturing) between 1981 and 1996. They find that, while water use has increased over all, water intake intensities have actually declined and gross water use intensities even more so -partly because of technique and partly because of decreases in the relative size of some water intensive industries. Meanwhile, recycling intensities have decreased and consumption intensities have increased in nonagricultural sectors. examine the factors behind manufacturers' decision to recirculate water and how much to recirculate. Recirculation is found to be more prevalent in larger plants, when intake water must be treated prior to use, in certain heavy water-using industries, and in drier regions. Meanwhile, the quantity of water recirculated depends positively on the size of the plant, the price of intake water, and the price of water treatment prior to discharge. In more recent work, these authors explore these issues further, using longitudinal data on the decision to recirculate or not (Bruneau and Renzetti 2014) .
Together, these studies shed light on manufacturers' demand for water, self-supplied water, recirculated water, and the role water plays in manufacturing. Most of these studies use the microdata (versus the aggregate data) from the Canadian IWUS of 1986 , 1991 , and/or 1996 , which share similarities to the U.S. microdata used in this paper. However, the absence of a number of key expenditure items -such as those that permit the construction of (internal) prices of various types of water -prevent similar analyses.
Overview of Water Use in U.S. Manufacturing
In 2010, the U.S. manufacturing sector self-supplied 15.9 billion gallons of water per day, accounting for about 4.5 % of total water withdrawals in the United States (Maupin et al. 2014) . Additional water is supplied to the manufacturing sector by public and private water suppliers.
2 Water is used in a number of ways in manufacturing facilities. It can be used to clean, cool, and/or convey intermediate inputs; it can be embedded in the final product itself (e.g., beverages); it can be used in generating steam for electric power generation; and it can be used for Bdomestic^purposes, such as drinking and sanitation. Table 1 shows the percent of water intake and the percent of gross water use, by purpose, for U. S. manufacturing in 1973 and 1978 (U.S. Bureau of the Census 1976 , 1981 .
3 Water for other cooling & condensing, for process, and for steam electric power generation dominate here, in that order. 4 Table 2 shows the top ten water-using manufacturing industries (4-digit SIC) in 1978, in terms of gallons of water intake, intensity of water intake (i.e., gallons per dollar of value added, in 1978 dollars), gallons of gross water use, and intensity of gross water use, respectively. Twenty different industries appear here, dominated by those in chemicals, primary metals, paper, and petroleum refining sectors. Water use is relatively concentrated, with the top ten industries (in terms of gallons of water intake) accounting for 68 % of the manufacturing sector's total water intake. We also see just how critical water is to these industries -with hundreds of gallons used for just one dollar of output. In the most extreme cases, 1180 gal of water are used per $1 of value added at paper mills (SIC 2621), and 446 gal of water are taken in per $1 of value added at building paper and board mills (SIC 2661).
5 That water has significant value to certain manufacturing industries is consistent with the findings of others (e.g., Ku and Yoo 2012; Bhat 2015) , to say nothing of the use of water along a product's supply chain (Ercin et al. 2011; van Oel and Hoekstra 2012) or general equilibrium effects on other sectors (Freire-González 2011) .
Interestingly, as seen in Fig. 1 , aggregate water use by U.S. manufacturing rose from 1954 to a peak in 1978 before declining in 1983, while aggregate water intake by U.S. manufacturing actually peaked a decade earlier, in 1968, before declining (U.S. Bureau of the Census 1986). 6 The difference between the two is water recirculated and reused. 7 As seen in Fig. 2 , in 1954, each gallon taken in by the manufacturing sector was used 1.82 times. This circulation rate peaked in 1978 at 3.42, before declining slightly to 3.37 in 1983 (the last year the Census Bureau collected the SWUM). This increase in the circulation rate occurred at a time when the percent of manufacturers recirculating water was more or less declining (see also Fig. 2 ). This suggests a sharp increase in the intensity of recirculation among those that did recirculate. This paper will seek to understand the determinants of water use and water recirculation of U.S. manufacturers during this very interesting period of 1973 and 1978 -the period when gross water use was increasing, but water intake was actually falling, and water recirculation increased dramatically.
8 Focusing on this specific period, with its unprecedented 48 % increase in circulation rate, holds particular promise in revealing the fundamental factors underlying water conservation in the manufacturing sector that are as true today as they were then.
Data
The primary data source here is the Survey of Water Use in Manufacturing (SWUM). Since the SWUM is now relatively unknown, a fairly detailed description seems warranted, which I provide in the online appendix. Here, I offer a briefer overview, focusing mainly on the survey items, years, and methodological details of particular relevance.
The SWUM was conducted on seven occasions from 1954 to 1983, when it was discontinued for budgetary reasons. During this time, establishments were asked to report very basic information about their water use in the quinquennial Census of Manufactures (CM), including a range of gallons of water intake. Those reporting more than 20 million gallons of water intake in the CM received the SWUM the following year, asking more detailed information. According to the publications, upwards of 97 % of the water withdrawn by the manufacturing sector is by the 3-4 % of plants that took in more than 8 This paper will not separately consider water consumed in process -either embedded in the final product or through evaporation. This can be derived by subtracting water discharged from water intake. According to U.S. Bureau of the Census (1986), between 6 to 11 % of the water intake [2.0 % and 3.7 % of gross water used] by the manufacturing sector was consumed, depending on the year. That 90 % or more of water intake is eventually discharged by manufacturers (usually into rivers, streams, and other surface waters, less typically into public utility sewers or to the ground) may suggest that consumption is of more relevance than water intake or gross water use, especially if water availability is of particular concern. However, water quality is also important, in which case the quantity of water intake, its function within the manufacturing plant, and its treatment before discharge are all important too. Unfortunately, the SWUM does not have ideal measures of the quality of discharged water. We do know that untreated water accounted for 87 %, 77 %, 71 %, 70 %, 56 %, 60 %, and 55 % of discharged water in 1954, 1959, 1964, 1968, 1973, 1978, and 1983 , respectively (U.S. Bureau of the Census 1986). However, Buntreated^does not necessarily imply net degradation in quality. Likewise, Btreatedd oes not imply the opposite. In any event, reductions in water intake seem unambiguously good by leaving more water untouched. And one would expect reductions in water intake to come mostly from greater recirculation than from reductions in consumption. The study of residential water use also tends to focus on intake and use rather than consumption. Here, too, most water is discharged. manufacturing, 1954-1983 Among other things, respondents to the SWUM were asked to report their water intake (in millions of gallons) from five sources (public water system, whether municipally or privately owned; own-company surface water system, such as streams or lakes; own-company ground water system, such as wells or deep springs; own-company tide water system from estuaries, bays, or oceans; other sources) by three types (fresh; brackish; salt). Respondents were also asked to report their water intake for seven purposes (process; steam electric power generation; air conditioning; other cooling & condensing; sanitary services; boiler feed; other uses) and again by three types (fresh; brackish; salt). Here, Bprocess water is all water that comes directly in contact with products and/or materials, including water which is consumed in the manufacturing of products.^Meanwhile, water for Bother cooling and condensing^is used Bin conjunction with the operation of process equipment, but which does not come in direct contact with products or materials.^Sanitary service includes water used for drinking, cafeterias, and domestic sewage.
In addition to water intake, respondents were also asked to report the gallons of gross water used by the seven purposes (listed above). Gross water used is the water intake for a particular purpose plus the water recirculated for that purpose. To clarify, these instructions were provided to respondents: B[Gross water used is] the estimated quantity of water that would have been required if no water had been recirculated or reused. For example: If total water intake (Item 1) was 400 million gallons and of this 400 million gallons, 100 million gallons were used twice for cooling purposes and once for washing products or materials, the total water required would be 300 million gallons (less consumption and evaporation loss), plus the 300 million gallons not recirculated, for a total of 600 million gallons.^On the 1978 form, respondents were explicitly asked for all three measures -water intake, water recirculated/ reused, and gross water used -while on the 1973 form, water recirculated/reused is implicit.
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The SWUM also collected data on water discharged into seven different points and by whether the water was treated or not. Other details were also asked about water discharges, as were certain details about the treatment of water at discharge, at intake, and during recirculation. See the online appendix for further discussion.
The 1973 and 1978 surveys also collected information on water-related expenditures -the only two years of the survey to do so. Of particular relevance to this current study, on the 1973 survey, respondents were asked to report both their Btotal expenditures in 1973 for new water treatment plant and equipment that were capitalized in fixed asset accounts^and Btotal annual costs [material, parts, fuel, power, labor, depreciation, leasing, contracted services] incurred in 1973 to operate and maintain your existing water treatment plant and equipment.^These respondents were further asked to estimate the percentages of these two amounts that were attributable to the Btreatment of intake water prior to use.^In contrast, respondents to the 1978 survey were not asked about the share of these expenditures specifically attributable to the treatment of intake water.
The 1973 and 1978 SWUM microdata were among the many historic files recovered from tape by the Census Bureau's Center for Economic Studies in 2009-2010 using an old, faltering Unisys Clearpath IX 4400 mainframe -the last of its kind and a descendant of the earliest mainframes ever in existence. There were numerous and unique challenges in creating researchready datasets from data written to computer tape decades ago, including now-esoteric, non-ASCII character sets (FIELDATA, Excess-3, and Binary Integer) and missing record layouts.
See Becker and Grim (2011) and the online appendix for additional discussions. In the end, the microdata from the 1973 and 1978 SWUM are now available in modern, research-friendly formats. There are nearly 10,700 available observations in 1973 and about 9600 in 1978.
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For 1973, after dropping observations missing key data items, suspected of having imputed data, having certain anomalies (e.g., use < intake), and/or having water intake of less than 20 million gallons (for the sake of consistency with the 1978 sample), I am left with over 92 % of the original sample, about 97 % of published water intake, and about 98 % of published gross water used. For cases that reported not to recirculate but have use less than intake, use was set equal to intake.
For 1978, after dropping observations missing key data items, having certain anomalies (e.g., use < intake, nontabulated outliers), and/or having water intake of less than 20 million gallons, I am left with over 97 % of the original sample, about 99 % of published water intake, and virtually 100 % of published gross water used. For cases that did not recirculate and therefore skipped Item 3 on the survey, their (missing) use was appropriately set equal to intake. For cases that reported to recirculate but have use less than intake, use derived from the sum of intake and recirculation was instead employed, if it resulted in use greater than intake, otherwise the case was dropped. For cases that reported to recirculate but have use equal to intake, use derived from the sum of intake and recirculation was instead employed, if it resulted in use greater than intake, otherwise it was assumed the establishment misreported that it recirculated.
Because of the significant differences in the ways otherwise identical data items were asked/derived, treated, and stored at the time of these surveys, I have decided to analyze the two years separately in what follows, rather than pool observations together. There are also some explanatory variables -namely those related to water intake treatment costs -that are only available in one of the years (1973). In the end, the main results from the two years are qualitatively similar and often of comparable magnitudes.
Results
I begin by examining the relationship between water use and establishment characteristics, and plant size in particular. A simple regression of log gross water use intensity (i.e., gross water use divided by value added) on 4-digit SIC industry dummies and a series of establishment size indicators suggests that water use per unit of output is largest for larger establishments.
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At least two phenomena underlie this result.
First, as seen in the first column of Table 3 (1973) and supplementary Table 3b ( 1978) , larger establishments use water for increasingly more purposes. (In the interest of space, and because the results are at least qualitatively similar, I relegate Table 3b to the online appendix.) In particular, 10 Also recovered was data from 1973 and 1978 for about 1690 and 1060 establishments in mineral industries, respectively. These observations are not employed in this current study. 11 I do not present the results of this regression here. The coefficients from this regression are biased since the sample only contains establishments that have at least 20 million gallons of water intake. With the left part of the water use distribution missing, water use intensity will be overstated -particularly for the smallest establishments and, no doubt, attenuating as establishment size increases. Nevertheless, in spite of the bias, water use intensity is found to increase over the last three establishment size categories and the highest water use intensity is unambiguously (at least in 1973) among the very largest establishments (with 2500 or more employees). 12 In the 1973 sample, the percent in each establishment size category is 19 % (1-99 employees), 26 % (100-249 employees), 21 % (250-499 employees), 18 % (500-999 employees), 11 % (1000-2499 employees), and 5 % (2500+ employees). In the 1978 sample, the percentages are 15 %, 27 %, 24 %, 18 %, 11 %, and 5 %, respectively. controlling for industry, the very largest establishments (with 2500 or more employees) use water for 1.92 and 1.98 more purposes than the smallest establishments (with 1-100 employees), out of the six possible water use purposes collected on the survey. The remaining columns of Table 3 and  supplementary Table 3b show the coefficients from probit regressions on the probability that an establishment reported using water for a particular purpose. In all six cases, the probability that water is used for a particular purpose increases monotonically with establishment size. Naturally, the share of water used for a particular purpose may not be constant across establishment size, and indeed, in regressions not reported here, the share of total water use devoted to process, sanitation, and boiler feed each decreases as establishment size increases, while the shares increase for steam electric power generation, air conditioning, and other cooling and condensing. The other establishment characteristic included in these regressions in Table 3 and supplementary Table 3b is an indicator that the establishment belongs to a multi-unit firm. Such establishments are found to engage in 0.21 and 0.33 more water uses, all else being equal, and they are mainly found to have a higher probability of using water for each of the purposes, with steam electric power generation and air conditioning being exceptions.
That larger establishments expand the scope of their water use would certainly explain why water use per unit of output is highest among the largest establishments. That turns out to be only part of the story. Larger establishments are also found to recirculate water more, implying greater use without necessarily greater intake. A probit regression (not reported here) indeed shows that the probability of recirculating water at all increases monotonically with establishment size. Meanwhile, Table 4 (1973) and Table 5 (1978) present results of regressions explaining the natural log of the water circulation rate, which I define here as gross water use divided by water intake -or in other words, the number of times each gallon taken in is used. We saw this measure earlier in Fig. 2 . Results in column (1) of Tables 4 and 5 show that the water circulation rate increases monotonically with establishment size. Here, controlling for industry, the largest establishments (with 2500 or more employees) use each gallon of water 89 % more [1978: 107 % more] than the smallest establishments (with 1-99 employees; the omitted category).
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Note that in the 1978 sample, there is no statistically significant difference between the omitted group (with 1-99 employees) and the next smallest establishments (with 100-249 employees).
The remaining columns of Tables 4 and 5 add additional explanatory variables to the specification. First, the SWUM collects gallons of water taken in by source, which I use to construct indicators of the establishment's primary source. These indicator variables are added to the specification in column (2), with a public water system being the omitted category. Results here suggest that when self-supplied water is the primary source -whether surface water, groundwater, or tidewater -the water circulation rate is lower than when water is from public systems. Recirculation is particularly low among establishments in which tidewater and surface water are the primary sources -groundwater less so. These are very interesting results that seem to suggest that, for some manufacturing plants, the cost of pumping (and treating) their own water is so low that (i) they choose to self-supply water in the first place, and (ii) there is less incentive to invest in recirculation. Column (3) of Table 4 more explicitly looks at cost -not of self-supplying per se, but for the treatment of water taken in. This variable is only available in 1973. Results show that establishments with nonzero water intake treatment costs used each gallon of water 14 % more than those with no such costs -an effect that increased as the per unit cost of treatment Statistical significance at the 10 %, 5 %, and 1 % level are indicated by single, double, and triple asterisks, respectively. Robust standard errors are in parentheses increased. Basically, the costlier the water, the more plants recirculate. Meanwhile, the addition of these variables has little qualitative impact on the results of the previously discussed variables.
Having uncovered some basic relationships between water use and recirculation, establishment characteristics, and water choices, I now explore the role certain external factors may play. One obvious possible influence is environmental regulation. That is, the more heavily regulated a facility's water pollution discharges are, the more it may recirculate water (as a substitute for discharge). Here, I construct a facility-specific measure to proxy for such regulation: the percent of an establishment's water discharge that was treated. For about 50 % [45 %] of establishments in the 1973 [1978] sample, no discharged water was treated, while all discharged water was treated in about 14 % [15 %] of cases.
14 The impact of this variable's inclusion is shown in column (4) of Tables 4 and 5 . This variable is indeed found to have a statistically significant positive effect on the water circulation rate, as might be expected, with quantitatively similar effects in both years.
Next, I add geographic variables to the specification, which will absorb additional regulatory effects, water scarcity, and other space-varying impacts. In column (5) of Tables 4 and 5, I add state dummies, and in column (6), I add indicators for industrial water use regions.
15 The addition of these variables has some small impacts on previous coefficients but does not change the basic findings. Finally, because water scarcity can potentially vary within a state and water use region, I add county average daily precipitation to the specification. 16 These results are in column (7) and show that the coefficient on precipitation is statistically zero in both years (Tables 4 and 5 ). This suggests that the aridity of a manufacturing plant's locale does not impact its water circulation rate, at least not above and beyond any effect captured by the controls for state and river basin. Indeed, when controls for state and river basin are excluded, the coefficient on precipitation is negative and statistically significant.
With this fuller set of explanatory variables, in column (7) of Tables 4 and 5 , the positive, monotonic relationship between establishment size and water circulation rates is clearly established. All else being equal, the largest establishments (with 2500 or more employees) use each gallon of water 98 % (1973) and 123 % (1978) more than their smallest counterparts (with 1-99 employees). Looking specifically at 1973, the circulation rate among these largest establishments is 36 % greater than the next category of plants (1000-2499 employees), which is 15 % greater than the next category (500-999 employees), which is 3.2 % greater than the next category (250-499 employees), which is 12 % greater than the next category (100-249 employees), which is 10 % greater than the smallest category. Meanwhile, establishments belonging to multi-unit firms are found to use water 13 % more times (in both years).
Finally, Table 6 (found in the online appendix) presents more results of regressions explaining the water circulation rate -here, adding establishment-level total factor productivity (TFP) to the specification. 17 Interestingly, more productive manufacturers are found to have higher water recirculation rates in 1973 but no statistically significant difference in 1978.
It is not immediately clear why the effect would differ across the two years. Meanwhile, the addition of TFP does not have any large quantitative or qualitative impact on the other coefficients. Statistical significance at the 10 %, 5 %, and 1 % level are indicated by single, double, and triple asterisks, respectively. Robust standard errors are in parentheses sharp increase occurred in 1973 and 1978 -making these two years a good period to study the fundamental factors underlying water conservation in U.S. manufacturing. In 1978, each gallon taken in by the manufacturing sector was used 3.4 times. Regression results suggest that larger establishments recirculate water more. This relationship between establishment size and water circulation is found to be monotonic, and all else being equal, the largest establishments (with 2500 or more employees) used each gallon of water 98 % (1973) and 123 % (1978) more than their smallest counterparts (with 1-99 employees). Belonging to a multi-unit firm is also found to increase water recirculation, while more productive establishments are found to recirculate more, but only in 1973.
While there appears to be scale effects in water recirculation, results also suggest that water use per unit of output is largest for the largest establishments, in part because larger establishments use water for more purposes. In fact, each of the six water uses were more likely to occur as establishment size increased, with increasing shares devoted to steam electric power generation, air conditioning, and other cooling and condensing. What may be of particular interest is the difference between water use and recirculation-water intake per unit of output across the different establishment size groups. Unfortunately, this is difficult to address with these data, since water use and water intake are unobserved for establishments with less than 20 million gallons of water intake.
Besides increasing with establishment size, water recirculation appears dependent on various costs associated with water. In particular, the water circulation rate is found to be higher when water is purchased from a utility. Relatively low (internal) prices for self-supplied water could suppress the incentive to invest in recirculation. Recirculation is particularly low among establishments in which tidewater and surface water are the primary sources. Meanwhile, establishments with higher per-gallon water intake treatment costs also recirculate more, as might be expected. The cost associated with water discharge -due to regulation or otherwise -also increases circulation rates. The aridity of a locale is found to have little effect on circulation rates (once state and river basin is controlled for). Padowski and Jawitz (2012) have noted that there can be a disconnect between local conditions and water availability, due to the presence of rivers and manmade water infrastructure. This paper's main results point to circumstances where water conservation in the manufacturing sector may be more and less likely, which can have implications for the design of any industrial water policy. The apparent impact of costs -both of intake and discharge -is one result to take particular note of. This paper may also generate discussion of whether a survey like the SWUM should again be conducted in the United States. With growing concern that climate change may shift precipitation patterns away from historical norms, it may be increasingly important to inform public debate with data on who and where water users are; characteristics and patterns of their intake, (re)use, and discharge; their water-related costs and investments; and so forth. Fishman (2016) notes the importance of good water use data and the current lack of it. At a minimum, restoring a few, relatively simple questions to the quinquennial Census of Manufactures [and Mineral Industries] -on gallons of water intake and recirculation/reuse, and the source of water -would significantly increase our understanding of who and where are (large) water-using businesses and their relative efficiency.
